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The PLANE WAVE pseudo-potential method within density functional theory (DFT) has been used to
investigate the structural, elastic, electronic and optical properties of XCaF3 (X ¼ K and Rb) insulating.
The studied compounds show a weak resistance to shear deformation compared to the resistance to the
unidirectional compression. KCaF3 and RbCaF3 are considered ductile. The elastic constants and related
parameters were predicted. The stiffness is more important in KCaF3, whereas, the lateral expansion is
more important in RbCaF3. KCaF3 and RbCaF3 have R- G indirect band gap. The main peaks in the
imaginary part of the dielectric function correspond to the transition from the occupied state Fp to the
unoccupied states Ca: s or K, Rb: p. At lower energies, KCaF3 and RbCaF3 show the same optical prop-
erties. Under pressure effect, the peaks of imaginary part of dielectric function were shifted toward high
energy.
© 2015 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The alkaline earth ﬂuorides are wide band gap, exhibit fast ion
conduction up to their melting points [1], are prospective candi-
dates for vacuum-ultraviolet-transparent lenses used in optical
lithography steppers [2] and are also promising for fast scintillators
[3]. The preparation of perovskites XCaF3 (X ¼ K and Rb) followed
the procedure described in the literature [4]. XF and CaF2 were first
mixed and ground in a molar ratio of 1:1. The obtained powder was
pressed into a pellet, closed in a gold tube, and then sealed in a
silica tube under argon. The silica tube was annealed, followed by a
slow cooling of the ampoule. The KCaF3 and RbCaF3 have been
synthesized [1,5] and were found to have cubic symmetry of
perovskite structure [6]. This family of perovskites ﬂuorides, XCaF3
shows a larger XeF distance than the CaeF one. The study of ionic
conductivity in KCaF3 by molecular dynamics (MD) simulations has
been carried out with both defect free and defect containing(LMSE), University of Bachir
A. Ghebouli).
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Masson SAS. This is an open accessmodels [7,8]. The Ca ion in XCaF3 perovskites plays an important
role in transport [6]. The optical properties of this type of perov-
skites are anisotropic, show the phenomenon of birefringence and
their geometry is related to the chemical composition, temperature
and pressure [9]. The structural, elastic, thermodynamic and optical
properties of these compounds were investigated experimentally
[2]. The use of ﬁrst principles calculations offers one of the most
powerful tools for carrying out theoretical studies of an important
number of physical and chemical properties of the condensed
matter with great accuracy [10,11]. In the present work, we applied
a detailed theoretical study of the structural, elastic, electronic and
optical properties of the family XCaF3 (X ¼ K and Rb) using the
density functional theory (DFT).
From the perspective of materials science, the elastic constants
contain some of the more important information which can be
obtained from ground state total energy calculations. The elastic
constants are related to some fundamental properties such as
interatomic potential, equation of state, phonon spectra, speciﬁc
heat, Debye temperature and melting point. The elastic constants
play an important role in determining the strength of the material.
The elastic constants of the XCaF3 (X ¼ K and Rb) perovskitearticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
B. Ghebouli et al. / Solid State Sciences 43 (2015) 9e1410ﬂuorides have been not yet measured either calculated. So the
calculation of the elastic constants of these materials is one of the
main objectives of the present work.
The paper is organized as follows: in Section 2, we brieﬂy
described the computational techniques used in this work. Results
and discussions of our study will be presented in Section 3. Finally,
conclusions are given in Section 4.2. Computational method
The ﬁrst-principles calculations were performed using the
CASTEP code [12], which is an implementation of the plane-wave
pseudo-potential total energy method based on the density func-
tional theory (DFT). The interactions of electrons with ion cores
were represented by the Vanderbilt-type ultrasoft pseudo-
potentials [13] and norm-conserving pseudo-potentials for K, Rb,
Ca and F atoms. The exchange-correlation potential was treated
within the generalized gradient approximation (GGA) of Perdew,
Burke and Ernzerhof [14]. The plane-wave basis set cut-off was
350 eV for all cases. The special points sampling integration over
the Brillouin zone was employed by using the MonkhorstePack
method with 8 8 8 special k-point mesh [15]. These parameters
were sufﬁcient in leading to well converged total energy, geomet-
rical configuration and elastic moduli. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) minimization technique [16], which pro-
vides a fast way of ﬁnding the lowest energy structure, was used in
the geometry optimization. The self-consistant calculation for the
geometry optimization were considered to be converged when the
difference in total energy is within 5  106 eV/atom, maximum
ionic Hellmann-Feynman force is within 0.01 eVÅ1 and maximum
stress is within 0.02 eVÅ3.3. Results and discussions
3.1. Crystal structure
The cubic unit cell of XCaF3 (X ¼ K and Rb) contains one
molecule with the X sitting 1b at (0.5, 0.5, 0.5), the Ca 1a at (0, 0, 0)
and F 3d at (0.5, 0, 0). The calculated lattice constant, bulk modulus
and its pressure derivative at equilibrium determined by ﬁtting the
total energy versus the volume to the Murnaghan equation of state
[17] are summarized in Table 1. Also shown for comparison are the
experimental (theoretical) values of 4.41 Å and 4.455 Å [18,19]
(4.424 Å and 4.452 Å [2]) for KCaF3 and RbCaF3.
Our calculated bulk modulus and its pressure derivative are in
reasonable agreement with the theoretical ones (49 GPa and 4.038)
and (49.77 GPa and 5) [2]. The bulk modulus is a measure of the
crystal rigidity, thus a lower compressibility is for small crystal
rigidity.Table 1
Calculated lattice constant a0 (Å), bulk modulus B0 (GPa) and its pressure derivative B
0
,
efﬁcient and B/G ratio for KCaF3 and RbCaF3 perovskites.
a0 (Ả) B0 (GPa) B00 C11 C12 C44 B
KCaF3
T. W. 4.3236 61.9 4.295 143.9 19.2 15.8 60.
Exp. 4.41 [18]
Other 4.424 [2] 49 [2] 4.038
RbCaF3
T. W. 4.3525 63.9 4.124 [2] 139.3 23.2 19.2 61.
Exp. 4.455 [19]
Other 4.452 [2] 49.7 [2] 5 [2]3.2. Elastic properties
The determination of the elastic constants requires the knowl-
edge of the curvature of the energy curves as a function of strain for
selected deformation of the unit cell. The strains are considered
with andwithout volume conservation.We considered small lattice
distortions in order to remain within the elastic domain of the
crystal. The predicted PBE-GGA elastic constants and bulk modulus
at zero pressure for KCaF3 and RbCaF3 are listed in Table 1. To date,
no experimental or theoretical data for the elastic stiffness are
available in the literature to be compared with our theoretical re-
sults. Then, our results can provide reference data for future in-
vestigations. The C44, which reﬂects the resistance to shear
deformation, is about 10.7% (13.7%) lower than C11 for KCaF3
(RbCaF3), which is related to the unidirectional compression along
the principal crystallographic directions, indicating the weak
resistance to shear deformation compared to the resistance to the
unidirectional compression. The stability of a cubic crystal under
pressure effect requires the veriﬁcation of the following criteria
[20]:
fðC11 þ 2C12 þ PÞ>0; ðC44  PÞ>0; ðC11  C12  2PÞ>0g (1)
The calculated elastic constants satisfy the above criteria over
the pressure range, suggesting the mechanical stability of KCaF3
and RbCaF3. The effect of pressure on elastic constants and bulk
modulus is shown in Fig. 1. All these parameters increase with
increasing pressure, except the decrease on C44 is weaker. The
elastic parameters of KCaF3 and RbCaF3 such as shear and Young
moduli, Poisson's coefﬁcient B/G ratio are reported in Table 1. The
shear modulus G represents the resistance to plastic deformation,
while the bulk modulus B represents the resistance to fracture. A
high B/G ratio is associated with ductility, whereas a low value
corresponds to brittle nature. The calculated B/G value of KCaF3 and
RbCaF3 classiﬁes these materials as ductile and can support large
thermal shocks. In Table 1, we listed our results for the pressure
derivatives vC11=vp, vC12=vp, vC44=vp. We can notice that C11 is
more sensitive to the pressure than C12 and C44. The atoms are
closer under high pressure, then the electrostatic repulsive force
among the electrons and the covalence increases. So it is difﬁcult
for the atoms to move due to the saturation of the covalence.
Young's modulus is a measure of the stiffness of a given material,
while Poisson's ratio is the ratio of the contraction or transverse
strain to the extension or axial strain, when a sample is stretched.
We note that Young modulus decreases from KCaF3 to RbCaF3. This
implies that the stiffness of KCaF3 is more important than that of
RbCaF3. The values of s obtained for material of interest are ranging
between1 and 0.5. However, one should observe that s decreases
from KCaF3 to RbCaF3, thus under a given compression, the lateral
expansion is more important in RbCaF3. The calculated density r,








vP G E s B/G
8 8.491 1.676 0.24 4.128 28.5 73.9 0.297 2.134
9 8.209 1.883 0.01 3.992 30.4 78.5 0.288 2.031
Table 3
Elastic wave velocities (m/s) within GGA for different propagation directions for
KCaF3 and RbCaF3 perovskites.
[100] [110] [111]
vL vT1 vT2 vL vT1 vT2 vL vT1 vT2
KCaF3 7170 2376 2376 5897 6675 2376 5407 4090
4090
RbCaF3 6155 2285 2285 5227 5619 2285 4878 3502
3502
Fig. 1. The effect of pressure on elastic moduli.
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listed in Table 2. RbCaF3 show the lower velocities and Debye
temperature. The calculated elastic wave velocities of KCaF3 and
RbCaF3 perovskites along [100], [110] and [111] directions are listed
in Table 3. Longitudinal waves (shear waves) are fastest (slowest)
along [100].
A useful visualization of the elastic anisotropy can be obtained
by plotting a three-dimensional representation (3D) of the
dependence of Young's modulus E on direction in a crystal. For
cubic structure, the directional dependence of Young's modulus in
3D representations can be given by [21]:
Eð n!Þ ¼ 1
.h




2 þ n21n23 þ n22n23
i
(2)
where Sij are elastic compliance constants, and n1, n2 and n3 are the
directional cosines to the x-, y- and z-axes, respectively. Eq. 2 de-
termines a 3D closed surface, and the distance from the origin of
the system coordinates to this surface is equal to young's modulus
in a given direction. For a perfectly isotropic material this surface
would be a sphere, but often this is not the case even for cubic
crystals. The obtained 3D directional dependence of Young's
moduli for KCaF3 and RbCaF3 are shown in Fig. 2. Clearly, Fig. 2
shows obvious deviations from spherical shape for the two
considered compounds.
To further reveal the anisotropic features in more detail, 2D
projection of the 3D directional dependence of Young's modulus is
depicted also in Fig. 2. Fig. 2 shows that on the ab-plane, the
Young's modulus has a maximum value along the crystallographic
axes a, b and c, whereas it has a minimum along the bisector di-
rection in each of the ab-, bc- and ac-coordinate plane.3.3. Electronic properties
We illustrated in Fig. 3 the band structures of KCaF3 and RbCaF3Table 2
Calculated density r (g/cm3), longitudinal, transverse and average sound velocity yl,
yt and ym (m/s) and Debye temperature qD (K) for the KCaF3 and RbCaF3 perovskites.
r vl vt vm qD
KCaF3 2.7986 5943 3191 3564 489
RbCaF3 3.6759 5283 2879 3212 482compounds along the high-symmetry X, R, M and G in the ﬁrst
Brillouin zone for the optimized lattice constants. The computed
band structures show that these compounds are insulating with
GeR indirect band gap. We show in Fig. 4 the plots of the pressure
variation of the direct and indirect gaps. The fundamental gap in-
creases monotonously with increasing pressure, and it changes
from GeR to GeG at about 6 GPa. We obtained the gap at zero
pressure Egð0Þ, the ﬁrst and second order pressure derivatives a and
b of the direct and indirect gaps (GeG), (ReR), (XeX), (MeM) and
(GeR) by ﬁtting our energy gaps data using a least squares
procedure:
EgðPÞ ¼ Egð0Þ þ aP þ bP2 (3)
The results are given in Table 4 for both KCaF3 and RbCaF3
compounds using GGA.
We have also calculated the total and atomic site projected
densities of states (TDOS and PDOS) of these compounds as shown
in Fig. 5, within the energy interval from (EF e 3 eV) up to
(EF þ15 eV). The upper valence bands situated in the range (3 eV
to EF) for both KCaF3 and RbCaF3 is principally due to the F: p site.
The conduction bands are mainly (K and Rb: s and p) for both KCaF3
and RbCaF3 respectively. The fundamental band gap at equilibrium
corresponds to the electronic transition between (F:p) site to (K:s
and Rb:s) states.
The effective charge-carrier mass is one of the main factors that
determine the transport properties and electrical conductivity of a
material. Generally speaking, the smaller the effectivemasses of the
carriers are, the faster the photogenerated carriers are. Conse-
quently, a light effectivemass can promote themigration of carriers
and suppress the recombination of carriers. Here, the effective
charge-carrier mass m* was evaluated by ﬁtting the E  k diagram
near the valence-band maximum (VBMa) and conduction-band
minimum (CBMi) with a paraboloid; the effective mass m* (in
unit of m0, where m0 denotes the electron rest mass) at a given










The evaluated effective charge-carrier masses from the band
dispersions of the valence band maximum and conduction band
minimumwards in the Brillouin zone are summarized in Table 5 for
two considered materials. The effective electron mass is indicated
by the under script “e” (m*e) and the hole mass by “h” (m
*
h). From
Table 5 we can note: (i) the electronic states at the conduction-band
minimum are much more dispersive than the topmost valence
band states, consequently, effective masses of the conduction band
electrons are lighter than those of the valence band holes and hence
the inﬂuence of the later on the electrical conductivity will be
minimal, (ii) the effective masses of electrons in the considered
materials for the G/R and G/M directions in the BZ are practically
equal, hence, the conduction band electron mobility and electrical
Fig. 2. 3D and 2D (in the ab-plane) directional dependence of the Young's modulus for KCaF3 and RbCaF3.
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isotropic, (iii) the valence-band maximum the R/M direction is
ﬂat, representing the rather large hole effective n this direction (iv)
the dependence of the effective masses of holes on the crystallo-
graphic direction demonstrates the anisotropy of this property,Fig. 3. The band structures of KCaF3 to RbCaF3 compounds along the high-symmetry X,
R, M and G in the ﬁrst Brillouin zone.hence, the valence band hole conductivity are expected to be
anisotropic as well.
3.4. Optical properties
We display the real ε1 and imaginary ε2 parts of the dielectric
function at zero pressure as a function of photon energy in Fig. 6.Fig. 4. The plots of the pressure variation of the direct and indirect gaps.
Table 4
The gap at zero pressureEgð0Þ, the ﬁrst and second order pressure derivatives a and b
of the direct and indirect gaps for KCaF3 and RbCaF3 perovskites.
EG-G ER-R EX-X EM-M EG-R
KCaF3
Eg(0) (eV) 6.69 9.76 9.64 8.85 6.6
a (eV/Pa) 0.059 0.049 0.062 0.055 0.074
b (104) (eV/GPa1) 5.73 4.35 9.37 7.23 5.28
KCaF3
Eg(0) (eV) 6.39 9.94 9.57 8.62 6.29
a (eV/Pa) 0.046 0.044 0.074 0.047 0.064
b (104) (eV/GPa1) 4.91 4.13 11.8 5.91 4.58
Fig. 5. The total and atomic site projected densities of states (TDOS and PDOS).
Table 5
Calculated effective masses of the electronsm*e and holes m
*
hh (in units of free




GM G R R M R  X
KCaF3 0.036 0.036 4.716 0.391
RbCaF3 0.031 0.031 3.228 0.393
Fig. 6. The real ε1 and imaginary ε2 parts of the dielectric function at zero pressure as a
function of photon energy.
Fig. 7. The imaginary part as a function of photon energy for P ¼ 0 and P ¼ 40 GPa.
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structure of ε2 requires the use of the band structure. The threshold
energy of the dielectric function occurs at 5.4 and 5.7 eV for KCaF3
and RbCaF3. The main peaks in the spectra are located at E1 ¼10.18
(10.07) eV and E2 ¼ 12.8 (12.6) eV for KCaF3 (RbCaF3), which
correspond to the transition from the occupied state Fp (valence
band) to the unoccupied states Ca: s or K, Rb: p (conduction band).The ﬁrst peak coincides with the ReR transition. The static
dielectric constant ε1ð0Þ is 1.77 for KCaF3 and RbCaF3 respectively.
The imaginary part as a function of photon energy for P ¼ 0 and
P ¼ 40 GPa is shown in Fig. 7. Under pressure effect, all peaks were
shifted toward high energy. The computed linear absorption,
reﬂectivity and loss function are displayed in Fig. 8. The absorption
started at about 6 eV. The maximum of reﬂectivity is 0.18 (0.16) at
15.54 eV (14.09 eV). The maximum of loss is 1.74 and 2.63 at 15 eV
and 14.66 eV for KCaF3 and RbCaF3. At lower energies, the ab-
sorption, reﬂectivity and loss are practically the same both KCaF3
and RbCaF3 compounds.
4. Conclusion
The perovskites KCaF3 and RbCaF3 were studied using the PP-
PW method based on the density functional theory with GGA.
The calculated equilibrium lattice parameters are in good agree-
ment with the available experimental and theoretical data; vali-
dating the herein used method. A linear pressure dependence of
the elastic stiffness's and bulk modulus were found. A set of
isotropic parameters (bulk modulus, shear modulus, Young's
Fig. 8. The computed linear absorption, reﬂectivity and loss function.
B. Ghebouli et al. / Solid State Sciences 43 (2015) 9e1414modulus, Poisson's ration, average sound velocity and Debye tem-
perature) are estimated for ideal polycrystalline KCaF3 and RbCaF3
aggregate. The calculated band structures show an insulating
character of these materials with an indirect gap GeR at lower
pressure and a direct gap GeG at high pressure. Analysis of thePDOS reveals that the upper valence band is essentially dominated
by the F 2pwith Ca-p and Ca-s states. The conduction band electron
mobility and electrical conductivity of the herein studied materials
are expected to be isotropic, while the valence band hole conduc-
tivity is expected to be anisotropic as well. The imaginary part of
the dielectric function is calculated for radiation up to 15 eV. Using
the band structure, we have analyzed the interband contribution to
the optical response functions. The main peaks in the spectra
correspond to the transition from the occupied state Fp (valence
band) to the unoccupied states Ca: s or K, Rb: p (conduction band).
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